. 1 The effect of oxidant composition on the oxidative desulfurization of low grade coal has been studied to obtain raw materials for the production of pulverized coal. The experimental-statistical model has been developed that allowed to establish optimum conditions of the investigated process.
Introduction
According to the latest data published in the BP Statistical Review of World Energy [1] [2] [3] [4] [5] [6] , the world's proved reserves of coal do not decrease with time but demonstrate even a considerable increase ( Fig. 1) . At the same time the explored reserves of coal occupy a much larger share than other fossil fuels [6] (Fig. 2) .
According to the statistics of British scientists [6] , taking into account the current level of consumption, world oil reserves remain for about 61 years, natural gas -53 years, and solid fuels -114 years. Therefore, in the nearest future coal can become the main source of human needs for energy resources and, possibly, chemical raw materials.
However, the production and consumption of coal may be reduced (Figs. 3, 4) [1] [2] [3] [4] [5] [6] . One of the reasons for such a deviation from the general trend is the poor quality of coal (first of all, because of high content of sulfur).
Currently, the main directions of coal application are [7] : -electricity production -59 % (thermal coal is used);
-coke industry -36 % (metallurgical coal is used); -other industries -5 %.
Depending on application area of coal, it must meet certain quality requirements. This is especially true for the coke industry coal, because it must have specific properties, namely the ability to transform into a plastic state with the temperature rise and to cake with the formation of semi-coke.
Sometimes a deficit in the raw material occurs, for example, if the coke plants are geographically far from the deposits or if the prices for high-quality metallurgical coal rise. This, in turn, causes the problems in the operation of metallurgical enterprises, which in this situation are forced to look for alternative raw materials, the most common of which is pulverized coal (PVC) [8] [9] [10] .
The technology of "pulverized coal injection" (PCI) involves the use of high-quality thermal coal, i.e. coal, the main application areas of which are the electricity production and blast-furnace production [11] [12] [13] . In this case, coke and natural gas are partially replaced by the above-mentioned thermal coal using the technology of its injection into the blast furnaces.
The implementation of pulverized coal injection technology in a blast-furnace production has several advantages:
-economic (reducing the cost of cast iron by decreasing the consumption of coke to 250 kg/t of cast iron and replacing the expensive natural gas [14] [15] [16] ); -strategic (this advantage relates to countries that do not have their own raw materials for gas and metallurgical coal, but have significant thermal coal reserves that will allow them to become less energy dependent).
Coal used in PCI technology must meet strict requirements. Thus, the ash content, as a rule, should not exceed 10 wt %, because the increase in its amount leads to the increase in PVC cost and the decrease in the furnace performance due to the increase in the amount of fuel (coke or PVC) and heat to convert ash into slag.
As regards the sulfur content, it should not exceed 1.0-1.5 wt %, because the high sulfur content of pulverized coal leads to the increase in fluxes amount to bind sulfur so that it does not fall into the cast iron. The reduction of sulfur content by 0.1 % reduces coke consumption by 0.8-3.5 % and increases blast furnace efficiency by 2-8 wt % [17] .
Volatile substances in coal affect the process in two ways. It was found in [18] that the lower the content of volatile substances in PVC, the higher the carbon content in it, which leads to an increase in the amount of generated heat and the coefficient of coke replacement by coal. In addition, coal with a low content of volatile substances is easier to grind. Owing to this fact the productivity of mills increases by 40 % producing smaller particles which are better burned in the oxidation zone of blast furnaces. However, other studies [19] show that more quantitatively PVC burning is observed for pulverized coal with the increased amount of volatile substances. Since the latter escape from PVC and form pores, this leads to an easier oxidation of carbon. Therefore, for the production of PVC it is allowed to use coal with a relatively high yield of volatile substances.
Regarding the moisture content of coal, it should be less than 12 wt %, to ensure the materials friability [10] .
On the basis of above-mentioned regularities and practical data, the requirements for raw materials for PVC production were formed [20] . Depending on the coal type and its size (0-100 mm), the total sulfur content must be Analyzing the above requirements, and also taking into account the quality of world coal reserves, we can assert that the amount of raw material for PVC production is small: -coal with the lowest degree of metamorphism (lignite) cannot be used, because the volatile content exceed the permissible norm;
-deposits of coal with sulfur content of more than 1.2-1.5 % and ash content up to 10-12 wt % are insignificant.
One of the options for increasing the amount of raw material for PVC production is the preliminary improvement of the coal quality (its pretreatment). In particular, the required level of sulfur in coal can be achieved by its oxidative desulfurization (OD). The essence of this technology is that sulfur in coal, mainly pyrite one, contacts with an oxidant (air or steam-mixed mixture) and converts into gaseous sulfur-containing . The concentration of these components (in contrast to the flue gases of thermal power plants) is high enough to extract them by known methods [21] [22] [23] .
In previous studies, the process of oxidative desulfurization for various types of coal was investigated, in particular: brown coal [24] [25] [26] [27] , black coal of low [33, 34] , medium [28] [29] [30] [31] and high (including anthracite) [32] degrees of metamorphism. These works were carried out to obtain a desulfurized product (coal with a satisfactory sulfur content), which is proposed to be used as a raw material for thermal power plants. The demands for raw material for PVC production differ from those used in the energy sector. Thus, in [36] [37] [38] [39] , the influence of three factors on the OD process, namely, oxidant consumption, temperature, and process time, was determined. In addition, optimal hydrodynamic parameters of the process, which depend on the linear velocity of the oxidant movement and the size of the coal grains [35] , have been established. To complete the research data and make final conclusions are still necessary:
-to study the influence of the oxidant composition on the OD of high sulfur coal of low degree of metamorphism;
-to establish optimal conditions of oxidation desulfurization of high sulfur low-metamorphized coal to obtain raw materials for the production of pulverized fuel.
Experimental

Initial Materials
The initial material was a low-metamorphized coal of the long-flame grade, which was selected at the Belorechensk mine of the Donetsk coal-and-coal basin [35] [36] [37] [38] [39] . Samples of coal were crushed and sieved to obtain fractions with different grain size. We used the fraction 0.1-0.25 mm. Its characteristics: total sulfur content ( 
Experimental Procedure
Oxidation desulfurization was carried out on a laboratory setup, the block diagram of which is depicted in [37] . The main apparatus is the ideal mixing reactor (with a fluidized layer), operated in close to isothermal mode.
The influence of the oxidant composition on the OD process was studied changing the air:water ratio in the oxidant (vapor-air mixture) at fixed values of other factors (oxidant linear velocity, size of coal grain, oxidant flow rate, temperature and time). To characterize the oxidant flow rate we used the term "oxidant flow rate ratio" (OFR), which was calculated as the ratio of the volumetric flow rate of a steam-air mixture (m 3 /h) to the mass of coal (kg).
The initial and desulfurized coals were analyzed according to standard methods.
The desulphurization gases produced during the process are analyzed by a chromatographic method. The qualitative and quantitative composition of desulphurization gases was determined using a LHM (N479) chromatograph with a thermal conductivity detector. Helium was a carrier gas.
Techniques for Processing the Experimental Results
Calculation of process efficiency
The processing (evaluation) of the research results was carried out by calculating the efficiency of the OD process. The main demand is to minimize the conversion of coal organic mass in order to obtain raw materials for pulverized coal injection technology. At the same time, it is desirable that the volatile content should be less than in the initial coal, and the change of ash content should be minimal.
Therefore, on the basis of obtained values (the weight of the initial coal, the yield of the decomposition resin of coal organic matter (COM), content of sulfur in the initial and desulfurized coal, the volume and composition of the desulfurization gases) we calculated efficiency factors of the process. The formulas are given in [37] .
Efficiency factors: -the degree of total or pyrite sulfur conversion (DTSC or DPSC), %; -the degree of pyrite sulfur removal (DPSR), %; -the degree of coal organic matter conversion (DCOM), %; -efficiency factor of COM conversion (K ef ); -the degree of ash increase (DAI), %; -change of volatiles yield (CVY), % The first factor (DTSC or DPSC) characterizes the amount of sulfur converted into gaseous sulfur-containing products which will not enter the environment while further use of desulfurized coal (the level of environmental pollution reduction), i.e. it characterizes the ecological efficiency of the OD process.
The second factor (DPSR) depends on the sulfur final content in the produced coal; it is determined by the rate ratio of the desired (pyrite sulfur conversion) and undesirable (conversion of COM) reactions.
To characterize the COM conversion depth, the third factor (DCOM) was calculated, which characterizes the relative amount of coal spent on the formation of resin and desulfurization gases.
The factor K ef defines the directions of COM conversion, i.e. the ratio of COM amount, from which the combustible products were formed, to its burned out amount (which was spent for the formation of CO 2 ).
Fifth and sixth factors characterize the influence of OD process performance on the ash content and volatiles yield of the desulfurized coal.
Development of experimental-statistical model
The experimental-statistical model (ESM) was developed with the aim of establishing optimal conditions of the OD process. Under the "optimal conditions" we understand the conditions under which we obtain the product which meets the requirements for raw materials for the PVC production.
For the description (development) of ESM we used the following symbols (response functions and the process parameters): Y 1 -the degree of pyrite sulfur conversion, %; Y 2 -the degree of volatiles yield change, %; Y 3 -the degree of ash content increase; X 1 -temperature, °C; X 2 -process time, min; X 3 -water vapor content in the oxidant, vol %; X 4 -oxidant flow rate ratio (OFR), m 
Average relative error of approximation:
where n -number of experiments; Y ij -obtained experimental values; Y ij reg -response functions, calculated by the regression equations; i -the number of the response functions (criterion, parameter); j -the number of the experiment.
The F-test, which was calculated according to formula (2), was used to check the adequacy of the multifactor regression model: The F-test should be greater than the table value at the significance level α and the degrees of freedom (n-1) and (n-m i ). It shows how many times the scattering of data points changes relative to the line of the obtained regression equation in comparison with the scattering relative to the mean value [40, 41] .
The determination coefficient (R), which characterizes the significance of the dependence of the response functions on the process parameters has values from 0 to 1 and is determined by the methods described in [42] .
The measure of statistical significance (R i 2 ) is the F-statistic, which was calculated according to [43] : 
Results and Discussion
Effect of Oxidant Composition on the OD Process of the High Sulfur Low-Metamorphized Coal
In [35] it was proposed the process of oxidative desulphurization of low-metamorphized coal in order to obtain raw materials for PVC to be carried out with a grain size of 0.1-0.25 mm and at a linear velocity of the oxidant equal to 0.044 m/s. Fixed values of other parameters were taken on the basis of previous results [36] [37] [38] [39] . All of them are shown in Table 1 .
The experimental results are represented in Tables 2-4 and Figs. 5-9. Table 4 Dependence of sulfur content in the desulfurization gases on the oxidant composition One can see from Fig. 5 , the yield of desulfurized coal increases due to the increase of water vapor content in the vapor-air mixture. The amount of the decomposition resins decreases slightly, as well as the DCOM value (Fig. 6) . The total amount of solid desulfurized products is increasing (Fig. 5) due to the fact that the water vapor retards the burning-out of COM.
Data in Fig. 7 show the increase in the K ef value by about seven points due to the increase in content of water vapor in the vapor-air mixture. Such increase also indicates a significant retardation of COM burning-out. This fact is confirmed by the decrease of CO 2 content in desulfurization gases (Table 2) . At the same time the number of COM conversion products in the desulfurization gases increases; water vapor can participate in their formation (CO and hydrocarbon gases).
The maximum amount of SO 2 in the desulfurization gases is observed at the water vapor content of 30 vol % ( Table 2 ). The reason is the increase in the amount of removed pyrite sulfur (Fig. 8) with the increase in water vapor content from 0 to 30 vol %. A further relatively high content of sulfur dioxide is caused by the decrease in the total volume of the desulfurization gases. One can see from Table 3 , when the water vapor content in the vapor-air mixture increases, the ash content of the desulfurized coal decreases. DAI decreases by 44 % as a result of the weakening of the COM burning-out reactions. Another tendency is observed with the volatiles yield: the increase of water vapor content in the oxidant increases the amount of volatiles and decreases CVY. This is explained by the fact that the water vapor intensifies the formation of low molecular and/or thermally unstable compounds that remain in coal and evaporate/decompose during the determination of volatiles yield.
With the increase of water vapor content in the oxidant, the amount of pyrite and total sulfur in coal passes through the minimum (Table 4) , which corresponds to the maximum in the dependences of DTSC and DPSR curves (see Fig. 8 ). The reason is that the addition of the first portions of water vapor not only inhibits the COM burning-out, but also intensifies the process of pyrite oxidation. The decrease of DPSR value after reaching the maximum is explained by the lack of oxygen in the reagent (decrease of its concentration in the reaction volume). Fig. 9 represents a rather wide region of water vapor content in the vapor-air mixture (32.3-42.7 vol %), under which it is possible to achieve the required characteristics of desulfurized coal, which meet the requirements for raw materials for PVC production. It should be noted a relatively large yield of solid desulfurization products (92.5 wt %, Fig. 5 ) and high concentration of sulfur dioxide in the desulfurization gases (Table 2) , which is quite important aspect of SO 2 further extraction.
So, it is advisable to carry out OD process with water vapor content within the range of 33-42 vol %.
Development of ExperimentalStatistical Model (ESM)
Taking into account previous [36] [37] [38] [39] Table 5 .
The purpose of ESM development was finding the optimal conditions for the investigated OD process, namely those conditions under which it would have been possible to achieve the highest values of the degree of pyrite conversion sulfur (response function) under following limitations of other response functions: CVY ≥ 0.25 % and DAI ≤ 22.69 %.
Different types of dependencies on the process parameters were developed for the response functions. We chose those of them, which showed the best conformity with the experimental data (Eqs. (6)- (8)). 
When checking the validity of Eqs (6)- (8), the following results were obtained.
Calculated mean relative errors of approximation are: ε 1 = 0.1192 (11.92 %); ε 2 = 0.3208 (32.08 %); ε 3 = 0.2567 (25.67 %).
According to [44] , at ε = 0-10 % the prediction accuracy is high, at ε = 10-20 % -good, and at ε = 20-50 % -satisfactory. So, the developed model is valid.
The The obtained data testify to the ESM adequacy for the low-metamorphized coal desulfurization, the statistical significance of the results and the existence of a connection between the response functions and the selected factors of the process control.
Optimal conditions of the process were found on the basis of regression equations by the method of uniform search of their maximum values under the following limits: 400 ≤ X 1 ≤ 450 (with step ±5); 10 ≤ X 2 ≤ 50 (with step ±1); 30 ≤ X 3 ≤ 50 (with step ±1); The optimum conditions and the predicted results are presented in Table 6 , the technical analysis of coal under optimal conditions -in Table 7 .
Thus, it is possible to obtain the desulfurized product, which fully meets the raw material requirements for the production of PVC.
Conclusions
In order to obtain raw material for PVC production, the oxidative desulfurization of high-sulfur lowmetamorphized coal must be carried out with the water vapor content in the oxidant of 33-42 vol % at other fixed parameters (the size of coal grain 0.1-0.25 mm, the oxidant linear velocity 0.044 m/s, the temperature 698 K, process time 15 min, oxidant flow rate ratio 4.80 m 3 /(h·kg)). On the basis of developed experimentalstatistical model the optimal conditions of the investigated process were determined, namely: the process temperature 703 K; time 15 min; oxidant flow rate ratio 5.10 m 3 /(h·kg); water vapor content in the oxidant 47.0 vol %. The resulting product obtained under optimum conditions meets the raw materials requirements for the production of pulverized fuel and has the following characteristics: moisture content 1.16 wt %; ash content 9.24 wt %; volatiles yield 37.88 wt %; total sulfur content 1.38 wt %.
